This study presents an experimental investigation of a single droplet with different impingement velocity impinge on the hydrophilic and superhydrophobic substrates under normal and icing temperature by using high-speed image and infrared image techniques. The aim is to better understand the unsteady heat transfer and transient icing process of the aircraft icing caused by the supercooled large droplets, which has been recently identified as a severe hazard in aviation. The Reynolds number and Weber number of the impingement droplet ranged from 3708 to 6109 and from 117 to 319, respectively, while the temperature of the impingement substrate ranged from -5˚C to 5˚C. Droplet impingement, spreading, receding, and rebound phenomenon was recorded by a high-speed imaging system, while the surface temperature variation upon the impingement droplet on the substrate was recorded by an infrared imaging system. The time needed for the impingement droplet to be static on the superhydrophobic surface was much shorter than that on hydrophilic surface, while the time needed for cooling the impingement droplet on the superhydrophobic surface was much longer. The temperature variation on the surface of the impingement droplet was gradually on superhydrophobic substrate, while that on the hydrophilic substrate under icing temperature had obvious fluctuation. For the hydrophilic substrate, the temperature had little influence to the maximum spreading diameter of the impingement droplet, while the final receding diameter of the impingement increased with the decreasing of the substrate temperature, moreover, the water temperature decreasing speed increased while the icing process was faster. Lower droplet impingement velocity would lead to a slower cooing process of water and a slower icing process, while the temperature fluctuation at the surface center of the impingement droplet decreased for a shorter water receding time. 
I. Introduction
Ircraft icing is widely recognized as a significant hazard to aircraft operations in cold weather. When an aircraft or rotorcraft flies in a cold climate, some of the supercooled droplets would impinge and freeze on the exposed aircraft surfaces to form ice shapes. Ice may accumulate on every exposed frontal surface of an airplane, not only on the wing, propeller and windshield, but also on the antennas, vents, intakes, and cowlings. Icing accumulation can degrade the aerodynamic performance of an airplane significantly by decreasing lift while increasing drag. In moderate to severe conditions, an airplane could become so iced up that continued flight is impossible. The airplane may stall at much higher speeds and lower angles of attack than normal. It could roll or pitch uncontrollably, and recovery may be impossible. Ice can also cause engine stoppage by either icing up the carburetor or, in the case of a fuel-injected engine, blocking the engine's air source. The importance of proper ice control for aircraft operation in cold climate was highlighted by many aircraft crashes in recent years like the ATR-72 aircraft of American Eagle flight crashed in Roselawn, Indiana due to ice buildup on its wings killing all 66 people aboard on October 31, 1994. After investigation, it was found that the aircraft encountered the supercooled large droplets (SLD) icing environment, which didn't be defined in Appendix C of Part 25 of Federal Aviation Regulations (FAR25 Appendix C), and the aircraft crashed for the abnormal icing on airfoils 1 . The study of atmosphere shows that the diameter of droplet in the SLD icing environment could vary from 40μm to 1000μm, and it is far beyond 40μm that defined in FAR25 2 . The deicer equipment designed based on the FAR 25 Appendix C is not suitable for the SLD icing environment. For expanding the airworthiness regulations application scope of icing environment, it is important and necessary to elucidate the underlying physics of SLD icing.
The recent researches on superhydrophobic surfaces demonstrated that the superhydrophobic coatings have ice phobic properties 3 , as the droplets can bounce off of cold superhydrophobic surfaces without freezing 4 and the superhydrophobicity directly implies anti-icing functionality 5 . Therefore, utilizing the superhydrohopbic surfaces could be a reasonable way to manage the water runback phenomenon and decrease or eliminate the back-part icing on airfoil. Superhydrophobic surfaces have been extensively studied because they exhibit a number of interesting properties such as extremely high static contact angles (e.g., >150˚), small contact angle hysteresis, droplets rolling off at shallow surface angles, and droplets bouncing on impact [6] [7] [8] [9] [10] . These properties of superhydrophobic surfaces leads to self-cleaning behavior, whereby water droplets quickly roll off the surface and carry with them any other contaminates-including other droplets-they encounter. The superhydrophobicity of the surface results from a combination of chemical hydrophobicity with a micro or nano textured surface. The structure of the surface plays an important role both in the wettability of the surface and in the ability of the surface to resist ice accretion 3 . Current ice prediction tools for airfoil icing like LEWICE and FENS AP-ICE make use of simple classical models that ignore many details of the important micro-physical processes that responsible of the icing formation and accretion on airfoil 11, 12 . Advancing the technology for safe operation in SLD icing condition requires a better understanding of the important micro-physical phenomena pertinent to SLD icing. Several studies have been carried out recently to simulate ice accretion on airfoil icing through icing wind tunnel testing or calculations. NASA Glenn icing research tunnel analyzed the ice sharp profiles in different icing conditions by measuring the ice accretion on NACA 0012 airfoil 13 . Iowa State icing wind tunnel researched the ice accretion process, the heat transfer process, and the surface water transport process over an icing accreting NACA 0012 airfoil 14, 15, 16 . Wright and Potapczuk simulate ice accretion on airfoil thought calculation 17 by importing droplet impinging tentative mass model 18 . Very few studies could be found in literature to elucidate the underlying physics of SLD icing. The fundamental studies of SLD icing process could provide detailed information to analyze ice formation and ice-growth physical processed such as SLD dynamics, unsteady heat transfer process within supercooled water or ice crystals, which are highly desirable in elucidate the underlying physics associated with the micro-physical processes.
In the present study, an experimental investigation was conducted to quantify the unsteady heat transfer and phase change process of icing while droplet impinging onto different kinds of icing plate as hydrophilic and hydrophobic substrates in order to elucidate underlying physics to improve our understanding of the important micro-physics processes pertinent to SLD icing on aircraft wings. The high speed imaging technique was implemented to record the dynamic phase changing process while the infrared thermometry imaging technique was implemented to achieve temporally-and-spatially resolved temperature distribution measurements to reveal the time evolution of the unsteady heat transfer within SLD in the course of icing. A better understanding of the important micro-physical processes would enable us to improve current icing accretion models for more accurate prediction of ice formation and ice accretion on aircraft wings and to develop effective and robust anti-/de-icing strategies to ensure safer and more efficient operation of aircraft in cold weather. Figure 1 shows the schematic of the experimental setup used in present study to implement the high speed imaging technique and infrared thermometry imaging technique to quantify unsteady heat transfer and phase change process within icing SLD to elucidate underlying physics of micro-physical process of SLD icing phenomena.
II. Experimental methods

Experimental setup
The experimental setup comprised a droplet-generator system, an experimental cell where the solid substrate was located, a water bath for controlling the solid substrate temperature, an infrared camera for observation the temperature variation during the whole droplet/wall collision and icing process, a high-speed camera for observation of the drop/wall collision, a LED illumination, a laser detection system for detecting the in-flight droplet and triggering the high-speed camera, and a data acquisition system. 
Droplet generator system
A volume type of droplet generator system was used to generate mono water droplet. The system includes three parts -main part, a pulse generator, and a water supplement bottle. As shown in figure 2 , the main part of the droplet generator system includes three small parts-water cavity, piezoelectric plate and droplet nozzle. The water cavity and droplet nozzle were made by 3-D printer. After receiving a pulse signal from the pulse generator, the piezoelectric plate would warp and squeeze the water cavity, which would extrude water droplet from the droplet nozzle. With suitable pulse voltage and frequency, the droplet generator could just eject only one droplet with one pulse. The droplet size was controlled by the nozzle inner diameter and the pulse voltage while the droplet impingement velocity was controlled by the initial ejective velocity and the perpendicular distance between the droplet generator and the solid substrate. The droplet size can vary from about 0.5mm to 2.5mm by using different inner diameter nozzles and different pulse voltages, while the velocity of the droplet can vary from about 2m/s to 15m/s. 
Substrates
The solid substrate used in present study includes two parts -the substrate and a cooling plate. As shown in figure  3 , the cooling plate was connected with a water bath by two tubes covered by adiabatic layer. With the help of the cyclic coolant, the cooling plate temperature was controlled by the water bath (NESLAB RTE-211). The solid substrate connected with the icing plate by thermally conductive silicone, so that the substrate surface temperature can also controlled by the water bath. With the help of the water bath, the solid substrate temperature was controlled precisely from -8˚C to 20˚C.
Condensation can effectively change the wettability of a solid surface 19, 20 . In order to avoid condensation on the solid substrate and to control the substrate temperature more precisely, the substrate was mounted in a relative closed experimental cell, as shown in figure 1 . A light scattering glass was mounted at the rear part of the experimental cell, a high transmitting glass was mounted at the front part of the cell, and an infrared window was mounted at the top part of the cell. The only opening of the experimental cell was for the entry of the in-flight droplet.
With the help of the removable solid substrate, it is easy to change the substrate surface properties by using different substrates. Both hydrophilic and superhydrophobic surfaces were used for investigation of droplet impingement. The hydrophilic surface was coated in a wet-sanded Rustoleum finish with an equilibrium water contact angle of 40˚. The superhydrophobic surface was given the Hydrobead (Hydrobead.com) superhydrophobic treatment, and the equilibrium contact angle is about 150˚. The high-speed imaging system includes two subsystems -a high-speed camera, and a laser detection system. As shown in figure 1 , a high-speed camera (PCO tech dimax HS) with a micro lens (Nikon Nikkor 60mm 2.8/D) was configured to view parallel to the surface of the solid substrate. Diffuse backlighting was provided by a 20W LED spotlight and the light scattering glass at the back part of the experimental cell. The laser detection system includes five parts -a laser, a photodiode, a bias circuit and signal conditioning amplifier, a digital storage oscilloscope (Rigol 1074Z), and a digital delay generator. When a droplet was released from the droplet generator, it crossed through the diode laser beam, disrupting the signal to the photodiode whose signal was amplified and read out by the digital storage oscilloscope. The trigger from the oscilloscope initialed the digital delay generator that controlled timing and exposure of the high-speed camera. The frame rate was set to 10,000 fps with 624 by 608 pixels image. 2.5 Measurement of the droplet temperature variation using the infrared camera A FLIR A600 serious infrared camera was used to measure the droplet temperature variation during the droplet impingement and ice accretion process. The frame rate was set to 200 fps at 640 by 120 pixels. In the infrared imaging measurements, the infrared camera was mounted above the solid substrate at a distance of 200mm. The infrared radiation from the substrate surface and water/ice can be transmitted through the infrared window with a transmission coefficient of 0.82. The emissivity coefficients of hydrophilic and superhydrophobic surfaces, water, and ice are listed in Table 1 , respectively. It shows that the emissivity of the hydrophilic surface, the superhydrophobic surface, water and ice are nearly close to each other. For the infrared camera, a calibration was done by using thermocouple. A correlation coefficient of 99.94% was achieved, validating the infrared tomography in achieving accurate temperature measurements over the surface of the impingement droplet surface. 
III. Results and Discussion
In this section, the phase change and the unsteady heat transfer during the droplet impingement and ice accretion process on hydrophilic and superhydrophobic surfaces under different temperature and different impingement velocity would be discussed.
Droplet impingement on hydrophilic and superhydrophobic surfaces under normal temperature
In this part, the droplet impingement process on hydrophilic and superhydrophobic surface under normal temperature, and the temperature variation of the water surface during this process would be discussed. Both of the hydrophilic and superhydrophobic surface temperature was 5˚C, while the environment temperature (in the experimental cell) and droplet before impinging was 23.5˚C. The droplet diameter is 1.64mm with an impingement velocity of 3.7m/s, which made the Reynolds number and Weber number be 6109 and 319, respectively. The Reynolds number and Weber number are defined as:
Where is the Reynolds number, is the water droplet density, U is the droplet velocity before impinging on the surface, D is the droplet diameter, is the droplet dynamic viscosity, is the Weber number, is the droplet surface tension between water and air. Figure 4 (a) shows the droplet impingement process on the hydrophilic surface under normal temperature. At the time of 0s, the droplet contacted the hydrophilic surface, and then started the first spreading process. The first spreading process is very fast, the droplet got to the biggest spreading diameter in 0.0012s. During the first spreading process, the water spread from droplet center along the substrate. After the first spreading process, the first receding process started. In addition, the first shrinking process was quite short, which ended at the time of 0.008s. During the first receding process, the water receded from outside part to the center part. After the first receding process, the second spreading process started and ended at the time of 0.02s. The second spreading process is relatively longer than that of the first one. After the second spreading process, the water started receding again. The images in figure 4(a) show that the second receding process would last for almost 0.8s, which is much longer than that of the first receding process. The biggest spreading diameter of the water after the first spreading process was 6.04mm, while the final receding diameter of the water after the second receding process was 3.96mm. The images recorded by the high-speed camera shows that the impingement droplet went through two spreading and receding processes after contacting the hydrophilic surface, while the second process is much longer than the first. At the time of 0s, the droplet contact the superhydrophobic surface, and then start the spreading process. As on hydrophilic surface, the spreading process was very short, and ended at the time of 0.0012s. The images clearly show the droplet splash phenomena during the process. With a much bigger contact angle between water and the superhydrophobic surface than that between water and the hydrophilic surface, the surface tension between water and the superhydrophobic surface is much lower than that between water and hydrophilic surface. With a lower surface tension, the droplet can leave the surface easier. After the spreading process, the water started receding. During the receding process, the water can even leave the superhydrophobic substrate again. As shown in the images at the time of 0.008s and 0.038s in figure 4(b) , the droplet started leaving the surface, suspended in the air for about 0.03s, and then re-impinged on the surface again at the time of 0.038s. The droplet splash phenomena can still be seen during this process. After the rebounded droplet re-impinged on the surface, the droplet would keep fluctuating for a relatively long time, and finally became static on the superhydrophobic surface at the time of about 0.2s. By comparing figure 4(a) and figure 4(b), it shows that the droplet impingement on superhydrophobic surface is obviously different from that on hydrophilic surface. With much smaller surface tension between water and the substrate surface, the droplet splash and droplet rebounding phenomena can be seen on the superhydrophobic surface, and the total time for the impingement droplet to be static on the superhydrophobic surface is much shorter than that on hydrophilic surface. Figure 5 (a) shows the surface temperature variation of the impingement droplet on the hydrophilic surface under normal temperature. Since the frame rate of the infrared images was 200fps, which was much lower than that of the high-speed images, so that the infrared images cannot show the temperature variation during the obvious morphologic change of the impingement droplet clearly. For example, the first clear image in figure 5(a) shows the temperature on the surface of the water at the time of 0.02s, while the figure 5(a) shows that at this time, the droplet ended the second spreading process, and started the second receding process. It means that the infrared images can only clearly show the temperature variation during and after the impingement droplet's second receding process. The infrared images in Figure 5(a) shows that the surface temperature of the impingement droplet decreased gradually with no phase change and the time needed to cool all the droplet is about 1.5s. Figure 6(a) shows the central line (as shown in figure 5(a) -t=0.02s) temperature variation of the impingement droplet on the hydrophilic surface. It shows that the temperature at the outside part (shorter distance to the cool substrate) of the droplet surface decreased faster than that at the central part (longer distance to the cool substrate), and the central point was the last point to decrease to 5˚C. After comparing with figure 4(a), it certified that the heat transfer direction is from the bottom part of the droplet to the cool substrate and from the upper part to the bottom part of the droplet. The time for the heat transfer is about 2 times of the morphologic time.
Figure 5(b) shows the surface temperature variation of the impingement droplet on the superhydrophobic surface under normal temperature. Since the contact angle of water on the superhydrophobic surface is about 150˚, the lower part of the droplet was blocked by the upper part for the infrared images. Although the infrared images can just show the temperature variation of the upper part of the droplets, it still clearly shows the droplet splash phenomenon. For the small droplet generated from the droplet splash, the time needed to cool is much shorter than that for the main droplet after the splash. For example, the small droplet temperature already decreased to 5˚C before 2.63s, while the main droplet did not cool to 5˚C until about 10s. Figure 7 shows the temperature variation of the central point of the surface of the impingement droplet on hydrophilic and superhydrophobic surfaces under normal temperature. It shows that both of the central point (top point) temperature decrease gradually without big fluctuation, while the time to cool the central point of the superhydrophobic situation is much longer than that of the hydrophilic situation. The time need to for the superhydrophobic situation is about 10s, while that for the hydrophilic situation is only about 1.5s. There was several reasons lead to the time difference. As the above discussions, the time need to cool the impingement droplet is much longer than the morphologic variation time, so the contact area between the impingement droplet and the cool substrate after the morphologic variation is a very important parameter to the heat transfer speed between the water and the surface. As shown in table 2, the final receding diameter of the impingement droplet on hydrophilic is 3.96mm, which led to the contact area to be 12.3mm 2 , and the final receding diameter of the impingement droplet on superhydrophobic surface is 1.67mm, which led to the contact area to be 1.22mm
2 . While had a small contact area, the height of the impingement droplet after the morphologic variation is 1.22mm for the superhydrophobic surface, which is higher than that of the hydrophilic surface. With a small heat transfer area and a longer heat transfer distance, the heat transfer speed of the droplet on superhydrophobic surface was much slower than that on hydrophilic surface. The environment temperature (air around the impingement droplet) was another reason for the lower temperature variation speed. As shown in figure 4 , the contact area between the impingement droplet and the air for superhydrophobic situation was bigger than that of the hydrophilic situation, which led to the heat transfer between cold water and warm air is higher for the superhydrophobic situation. 
Droplet impingement on hydrophilic and superhydrophobic surfaces under icing temperature
In this part, the droplet impingement process on hydrophilic and superhydrophobic surface under icing temperature, and the temperature variation of the water/ice surface during this process would be discussed. Both of the hydrophilic and superhydrophobic surface temperature was -5˚C, while the environment temperature (in the experimental cell) and droplet before impinging was 23.5˚C. The droplet diameter is 1.64mm with an impingement velocity of 3.7m/s, which made the Reynolds number and Weber number be 6109 and 319, respectively. Figure 8 (a) shows the droplet impingement process on the hydrophilic surface under icing temperature. From the images in figure 8(a) , it shows that the first spreading process, the first receding process, and the second spreading process were similar to the droplet impingement process on the hydrophilic surface of the normal temperature. At the time of 0s, the droplet contacted the hydrophilic icing surface, and then started the first spreading process, and the droplet got to the biggest spreading diameter in 0.0012s. The biggest spreading dimeter of the impingement droplet was 6.03mm, which was nearly the same to that of the normal temperature situation. After the first spreading process, the first receding process started and ended at the time of 0.008s. Then the second spreading process started and ended at the time of 0.02s. The difference by comparing figure 8(a) and figure 4(a) was in the second receding process. The droplet would keep receding and then be stable on the normal temperature surface at the time of 0.6s, and the final receding diameter was 3.96mm, as shown in figure 4(a) . However, on the icing surface, the droplet would keep receding even after the time of 0.6s. From the images of t=0.54s, t=1s and t=2.5s in figure 8(a) , the height of the impingement droplet increased from 0.27mm to 0.30mm, and would keep increasing to 0.37mm at the time of 2.5s, while the final receding diameter was kept at 5.97mm from the time of 0.024s to 2.5s. It certified that the icing at the bottom of the droplet started before the time of 0.24s. The high-speed images in figure 8(a) shows that the impingement droplet went through two spreading and receding processes after contacting the icing hydrophilic surface and the icing at the bottom of the impingement droplet started at the beginning or before the second receding process. t=0s t=0.0004s t=0.0012s t=0.008s t=0.02s t=0.24s t=0.54s t=1s t=2.5s (a). Hydrophilic surface t=0s t=0.0004s t=0.0012s t=0.0042s t=0.0128s t=0.4s (b). Superhydrophobic surface Fig. 8 Droplet impingement process on the icing temperature substrates Figure 8(b) shows the droplet impingement process on the superhydrophobic surface under icing temperature. At the time of 0s, the droplet contact the superhydrophobic surface, and then start the spreading process. As on the hydrophilic surface, the spreading process was very short, and ended at the time of 0.0012s. By comparing with the situation of the normal temperature superhydrophobic surface, there was much less droplet splash in the process than that on normal temperature superhydrophobic surface. One possible reason is that during the process for the temperature of the superhydrophobic surface decreasing to -5˚C, there might be some vapor condensed on the superhydrophobic surface, which changed the wettability of the surface. As discussed in last section, an increase of the contact angle between water and solid surface would lead to the increase of the surface tension between water and the solid surface, which would lead to the reduction of the droplet splash phenomena. After the spreading process, the impingement droplet started receding. Although the impingement droplet would not leave the surface, it still could get to a relatively high height, as shown in the image of t=0.0042s, and the impingement droplet would fluctuate in vertical direction for some time and finally stable on the surface at the time of 0.4s. Although there wasn't obviously droplet splash phenomena, the droplet impingement process on the superhydrophobic surface was still obviously different from that on hydrophilic surface of the icing temperature. The time needed for the impingement droplet to be stable on the superhydrophobic surface was much shorter than that on the hydrophilic surface of the icing temperature. Figure 9 (a) shows the surface temperature variation of the impingement droplet on the hydrophilic surface under icing temperature during the droplet morphologic change process and phase change process, while the figure 10(a) shows the central line (as shown in figure 9(a) -t=0.02s) temperature variation of the impingement droplet on the hydrophilic surface under icing temperature. As the above discussions, at the time of 0.02s, the impingement droplet just finished its second spreading process and started the second receding process, which could also be verified by the infrared image. As shown in the image of t=0.02s in figure 9(a) and figure 10(a) , the temperature of the center part of the impingement droplet was lower than that around the center part, which means that the surface of the center part was lower than that around the center part. From the time of 0.02s to the time of 0.27s, the central part temperature kept decreasing to about -1.5˚C, while the part around the central part temperature would decrease to a temperature lower than 0˚C and then went back to 0˚C. For example, from 0.095s to 0.175s, the temperature of the part about 1.75mm away from the central point decreased from about 2.5˚C to about -2˚C, and then increased to 0˚C at 0.27s. After all the temperature of the water in the impingement droplet decreased to 0˚C, the temperature of the water would keep at 0˚C before freezing. The temperature lower than 0˚C means that the surface part already frozen, and the temperature increased to 0˚C again means that the water not frozen yet covered the frozen part in the second receding process. At 0.525s, the temperature of the central point on the surface of the impingement droplet increased to 0˚C again, which means that the water not frozen yet receded back to the central point. From 0.525s to about 3s, the central point temperature would keep at 0˚C for about 2.5s while the part around the central point would decrease to the temperature lower than 0˚C from outside part to the central part. After the time of 3s, the central point temperature would decreased, which means that all the water in the impingement droplet frozen. After 3s, all the ice would be cooled to -5˚C in a relatively short time. The impingement droplet would be cooled to -5˚C after a short morphologic change process and a relatively long phase change process at the time of 3.35s. By comparing with the temperature variation process on the hydrophilic surface under normal temperature, the temperature variation process was much more complicated for the phase change during the process. figure 9 (b) -t=0.03s) temperature variation of the impingement droplet on the superhydrophobic surface under icing temperature. The infrared images shows that the surface temperature variation after 0.03s was quite gradually, and the time needed for the impingement droplet to cool down on superhydrophobic surface was relatively longer than that on hydrophilic surface. Figure 10(b) shows that the temperature on the surface of the impingement droplet was still -3˚C at the time of 10s, which is higher than the substrate temperature. By comparing with the high-speed images in figure 8(b) , the morphologic change process for the impingement droplet on superhydrophobic surface was much shorter than the phase change process or the temperature variation process. With a much shorter morphologic process, the temperature variation process was much easier for the superhydrophobic situation than that of the hydrophilic situation. Figure 10(b) shows that the temperature decreased gradually without any temperature fluctuation even after the temperature was lower than 0˚C. Figure 11 shows the heat transfer direction during the phase change process of icing for the impingement droplet on the icing substrate. The substrate temperature was -5˚C, the temperature of the interface of water and ice was 0˚C, the water temperature was also 0˚C, and the air temperature around the impingement droplet (the infinity temperature) was 23.5˚C. Based on the second law of thermodynamics, all the latent heat released by the icing at the interface would transfer to the bottom ice without transferring to the water above the interface, otherwise the water temperature above the icing interface would increase to a temperature higher than 0˚C, which leads to the stop of the phase change of icing. Moreover, the heat transfer directions are -from the warm air to the cold water and cold ice, from the water to the water/ice interface, from the water/ice interface to the bottom ice, and from the bottom ice to the substrate. Based on the heat transfer directions, the water above the interface could keep at 0˚C, and then the water/ice interface could keep increasing until all the water frozen. Based on the heat transfer directions, the icing would start at the bottom and end at the top point of the impingement droplet.
Fig. 11 Heat transfer directions during the phase change process of icing
Figure12 shows the temperature variation of the central point on the surface of the impingement droplet on hydrophilic and superhydrophobic surfaces under icing temperature. For the hydrophilic situation, the temperature would decrease to about -2˚C in about 0.27s, then increased back to 0˚C in 0.25s and kept at 0˚C for about 2.5s, and finally decreased to -5˚C in a very short time. The total time needed for the cooling process was 3.35s. As above discussions, the water not frozen yet covered the frozen part during the second receding process led to the temperature increasing back to 0˚C, and the reason for the temperature kept at 0˚C was the combined effect of the phase change process of icing and the cooling process. For the superhydrophobic situation, the temperature decreased gradually without obvious temperature fluctuation, and the temperature decreased to about -3.5˚C in 14s. As shown in Table 3 , the final receding diameter of the impingement droplet on hydrophilic is 5.97mm, which led to a contact area of 28mm 2 , while for the superhydrophobic surface, the final receding diameter was 1.73mm, and the contact area was 1.25mm
2 . The height of the impingement droplet after the morphologic variation was 0.30mm and 1.25mm for the hydrophilic surface and the superhydrophobic surface, respectively. With a smaller heat transfer area and a longer heat transfer distance, the heat transfer speed between the impingement droplet and the cold surface was much lower. In this part, the temperature variation of the impingement droplet surface central point on the hydrophilic surface under different temperature would be discussed. The hydrophilic surface temperature was set as 5˚C, -1.5˚C, and -5˚C, respectively. The environment temperature (in the experimental cell) and droplet before impinging was 23.5˚C, and the droplet diameter was 1.64mm with an impingement velocity of 3.7m/s, which made the Reynolds number and Weber number be 6109 and 319, respectively. Table 4 shows the biggest spreading diameter, the final receding diameter and the contact area of the impingement droplet under different temperature. The biggest spreading diameter of the situations of 5˚C, -1.5˚C and -5˚C was 6.21mm, 6.19mm and 6.19mm, respectively, which was nearly equal to each other, and this means that the temperature did not has obviously influence to the first spreading process of the impingement droplet. However, the final receding diameter of the three situations had relatively big difference, especially between the normal temperature situation and the icing temperature situations. The final receding diameter of the -1.5˚C and -5˚C situation was 5.97mm and 5.73mm, respectively, while that of the 5˚C situation was 3.96mm. The phase change of icing at the bottom of the impingement droplet prevented the water/ice recede continually led to the big difference of the final receding diameter between normal and icing situations. With a big difference of the final receding diameter, , respectively. For a same initial diameter impingement droplet, if the contract area increased, the height of the impingement on the substrate would decrease, which led to a higher heat transfer speed from the bottom of the impingement to the cold substrate, and this could verify from figure 13. Figure 13 shows the temperature variation of the central point on the hydrophilic surfaces under different temperature. The central point temperature decreasing speed of the 5˚C case was obviously slower than the other icing temperature cases. For the -1.5˚C case, the central point temperature decreased to -1.5˚C at about 0.75s, then increased back to 0˚C at about 1.95s, and kept 0˚C for a long time till about 7.2s, and finally decreased to -1.5˚C at about 7.3s. For the case of -5˚C, its icing process is similar to the -1˚C case, while the phase change of icing and the unsteady heat transfer process was much faster. The results show that with the decreasing of icing surface temperature, there was no big difference for the biggest spreading diameter of the impingement droplet, while the final receding diameter would increase, moreover, for the icing situations, the water temperature decreasing speed would increase while the phase change of icing process would be faster too. 
Influence of impingement velocity on heat transfer during droplet impingement process
In this part, the temperature variation of the impingement droplet surface central point on the hydrophilic surface under different temperature and different impingement velocity would be discussed. As shown in table 5, the temperature of the hydrophilic surface was set as 5˚C, and -5˚C, while there were two different impingement velocity set as 3.7m/s and 2.3m/s for each temperature. The environment temperature (in the experimental cell) and droplet before impinging was 23.5˚C, and the droplet diameter was 1.64mm with an impingement velocity of 3.7m/s. For the 3.7m/s cases, the Reynolds number and Weber number were 6109 and 319, respectively, while the Reynolds number and Weber number for the 2.3m/s cases were 3708 and 117, respectively. Table 5 shows the biggest spreading diameter, the final receding diameter, the contact area of between the impingement droplet and the substrate, and the height after the morphologic change process for the four cases. For the two cases of 5˚C, although the biggest spreading diameter had relatively big difference, the final receding diameter were nearly equal to each other, which means that the contact area between the impingement droplet and the substrate were nearly the same during the most time of the heat transfer process for these two cases had different impingement velocity. The temperature variation process of the central point shown in figure 16 also verified the result. For the 5˚C cases, the temperature decreasing speed of the 2.3m/s case was relatively slower than that of the 3.7m/s before the time of about 1s, while the total time for cooling the impingement droplet to 5˚C was nearly the same. For the two cases of -5˚C, both of the biggest spreading diameter and the final receding diameter between them had big difference. The biggest spreading diameter and the final receding diameter of the 3.7m/s case was 6.19mm and 5.97mm, respectively, while that of the 2.3m/s case was 4.92mm and 4.91mm, respectively. As shown in figure 14 , the temperature decreasing speed of the 2.3m/s case was slower than that of the 3.7m/s case before decreasing to 0˚C, moreover, the icing process of the 2.3m/s case was slower than that of the 3.7m/s case, which led to a longer total time for the cooling of the impingement droplet. Another big difference between them was that the 2.3m/s case did not has a big temperature fluctuation (decreased to a negative temperature and increased back to 0˚C) during the cooling process while the 3.7m/s case did. The reason was that for the 2.3m/s case, the second receding process was faster than that of the 3.7m/s case, which made the receding water cover the central point before the central point icing. The results show that smaller droplet impingement velocity would lead to a slower cooling process and a slower icing process. Moreover, the temperature fluctuation at the surface center of the impingement droplet during the cooling process would decrease for a shorter water receding time. 
IV. Conclusions
Single droplet with different impingement velocity impinged on the hydrophilic and superhydrophobic substrates under normal and icing temperature was investigated experimentally by using high-speed image and infrared image techniques. The morphologic change of the impingement droplet, the phase change of icing, and the heat transfer during the impingement process were analyzed based on the experimental results.
Under normal temperature (5˚C), with much smaller surface tension between water and the substrate, the droplet splash and droplet rebounding phenomena can be seen on the superhydrophobic surface, and the time needed for the impingement droplet to be static on the superhydrophobic substrate was much shorter than that on hydrophilic substrate. The temperature variation process of the impingement droplet surface on hydrophilic and superhydrophobic substrates were gradually without obvious fluctuation, and the time need to cool the impingement droplet on superhydrophobic substrate was much longer than that on the hydrophilic substrate. Under icing temperature (-5˚C), the time needed for the impingement droplet to be static on the superhydrophobic substrate was still much shorter than that on hydrophilic substrate, while the temperature variation process had big difference between these two different substrates. For the superhydrophobic substrate, the surface temperature of the impingement droplet still decreased gradually without obvious fluctuation even during the phase change process of icing. However, for the hydrophilic surface, the combined effects of the heat transfer, the phase change of icing, and the receding of the water led to an obvious temperature fluctuation during the cooling process at the surface center of the impingement droplet. The temperature there decreased to a negative temperature in a short time, then went back to 0˚C and kept at 0˚C for a relative long time, finally decreased to the substrate temperature in a short time after icing. The total time needed for the cooling of the impingement droplet on the superhydrophobic surface was still much longer than that on the hydrophilic surface.
Temperature of the substrate had big influences to the droplet impinged on the hydrophilic surface. With the decreasing of the surface temperature, there was no big difference for the maximum spreading diameter, while the final receding diameter increased for the icing at the bottom of the impingement droplet. Moreover, the water temperature decreasing speed increased while the phase change of icing would be faster for the icing situations.
Impingement velocity of the droplet would influence the droplet impinged on the hydrophilic surface. Smaller droplet impingement velocity would lead to a slower cooling process of water and a slower phase change process of icing. Moreover, the temperature fluctuation at the surface center of the impingement droplet during the cooling process would decrease for a shorter water receding time.
